Aims A low pulse pressure may reflect poor cardiac output, but has not been well characterised by invasive hemodynamic studies. methods We investigated the relationship between pulse pressure and cardiac index in patients with cardiovascular disease including those with normal and impaired cardiac function. Cardiac catheterization data from 1897 patients was analysed. results Mean age was 59 years; 57% were male, mean (SD) pulse pressure was 65 (25) mm Hg and mean (SD) cardiac index was 2.9 (0.8) l/min/m 2 . Correlation between cardiac index and pulse pressure was absent if cardiac index >3 l/min/m 2 with a weak correlation if cardiac index was between 2 and 3 l/min/m 2 (r = 0.161; p <0.001). For those with a cardiac index < 2 l/min/m 2 , the correlation was much stronger (r = 0.414; p <0.001). In a multivariable regression analysis, a low pulse pressure predicted a low cardiac index, at cardiac indices < 3l /min/m 2 . This was independent of potential confounders including age, sex, presence of hypertension, presence of heart failure, presence of aortic stenosis, diabetes, renal function, heart rate, systemic vascular resistance, left ventricular end diastolic pressure and mean arterial pressure.
AbStrACt
Aims A low pulse pressure may reflect poor cardiac output, but has not been well characterised by invasive hemodynamic studies. methods We investigated the relationship between pulse pressure and cardiac index in patients with cardiovascular disease including those with normal and impaired cardiac function. Cardiac catheterization data from 1897 patients was analysed. results Mean age was 59 years; 57% were male, mean (SD) pulse pressure was 65 (25) mm Hg and mean (SD) cardiac index was 2.9 (0.8) l/min/m 2 . Correlation between cardiac index and pulse pressure was absent if cardiac index >3 l/min/m 2 with a weak correlation if cardiac index was between 2 and 3 l/min/m 2 (r = 0.161; p <0.001). For those with a cardiac index < 2 l/min/m 2 , the correlation was much stronger (r = 0.414; p <0.001). In a multivariable regression analysis, a low pulse pressure predicted a low cardiac index, at cardiac indices < 3l /min/m 2 . This was independent of potential confounders including age, sex, presence of hypertension, presence of heart failure, presence of aortic stenosis, diabetes, renal function, heart rate, systemic vascular resistance, left ventricular end diastolic pressure and mean arterial pressure.
Conclusions In patients with a cardiac index of less than 3 l/min/m 2 , a low pulse pressure is a marker of a low cardiac index. In patients with severe heart failure and a low cardiac output, pulse pressure might be useful as a "poor-mans" surrogate of cardiac output.
introDuCtion
Pulse pressure is the arithmetic difference between systolic and diastolic blood pressure.
In the general population and in patients with mild systolic heart failure, a high pulse pressure is related to increased mortality [1] [2] [3] [4] . In contrast, in patients with severe systolic heart failure, a low pulse pressure is related to a poorer outcome [5] [6] [7] [8] [9] [10] [11] . In subjects with left ventricular systolic dysfunction after a myocardial infarction we recently found that a low pulse pressure was an independent predictor of mortality but only in those with signs of clinical heart failure 12 . A high pulse pressure in the general population and in patients with cardiovascular disease indicates increased vascular stiffness as an indicator of atherosclerosis, and is therefore related to cardiovascular events [13] [14] [15] [16] . In 1337 patients with ischaemic heart disease, a high aortic (or "central") pulse pressure was independently associated with coronary calcification and higher heart rate, but a lower central pulse pressure with arterial occlusions and a low ejection fraction 17 . In previous studies, we found an independent relationship between low ejection fraction and low pulse pressure. Furthermore, we found that a low pulse pressure was a strong predictor of elevated natriuretic peptides 5 . Therefore, in severe heart failure patients, a lower pulse pressure may be an indicator of a poor cardiac output. These observations were also seen in a small study of advanced systolic heart failure, whereby a low cardiac index and a low proportional pulse pressure were strongly correlated 18 . So, a low pulse pressure seems to reflect a poor hemodynamic status, although this has not yet been proven by invasive hemodynamic studies. Therefore, we aimed to investigate the association between pulse pressure and cardiac index in patients with normal and impaired cardiac function undergoing cardiac catheterization.
methoDS
Patients who had undergone right and left heart catheterization at the University Medical Center, Groningen, the Netherlands, between 1989 and 2006 were identified and data entered into a database as published before 19 . Baseline demographics, including reason for cardiac catheterization, medical history and medications were obtained.
Cardiac Catheterization
Systolic and diastolic blood pressures were obtained from the ascending aorta. Cardiac output (CO, l/min) was measured by thermodilution and cardiac index (l/ min/m 2 ) calculated by dividing CO by body surface area (BSA 
Statistical analysis
Results are expressed as mean ±standard deviation since they were normally distributed, and categorical variables as percentages. 
reSultS baseline characteristics
A total of 2557 patients underwent right heart catheterization between 1989 and 2006; of these 1897 also underwent simultaneous left heart catheterization. Thus 1897 patients had both invasive systemic blood pressure measurements and form the study population. Table 1 outlines the principal indication for cardiac catheterization. Aortic or mitral valve disease accounted for 44% of all studies with 16% accounted by acute or chronic heart failure. Mean (SD) age was 59 (15) years and 57% were men. In the total study population mean (SD) pulse pressure was 65 (25) mm Hg and mean (SD) cardiac index was 2.9 (0.8) l/min/m 2 . For those with a cardiac index < 2 l/min/m 2 , mean (SD) pulse pressure was 51 (24) mm Hg compared to 66 (24) mm Hg for those with a cardiac index > 3 l/min/m 2 (p < 0.001). Overall baseline characteristics and split across 3 groups according to CI (<2; 2-3 and >3 l/min/m 2 ) are shown in Table 2 . Those with lower cardiac index had higher systemic vascular resistance, higher pulmonary vascular resistance, higher pulmonary artery wedge pressures, higher heart rates and more impaired renal function (all p< 0.001). There was no difference in the presence of hypertension or diabetes across groups of cardiac index, but those with a lower cardiac index were more likely to have a history of heart failure. There was more diuretic, angiotensin converting enzyme inhibitor and anti-arrhythmic use in those with a cardiac index <2 l/min/m 2 compared to those with a cardiac index > 3 l/min/m 2 . Table 3 shows baseline characteristics across tertiles of pulse pressure. Those with lower pulse pressures were younger, with less coronary artery disease or diabetes and more likely to have a history of heart failure.
relationship between cardiac index and pulse pressure Table 4 shows the correlations between blood pressure measurements and cardiac index, according to baseline level of cardiac index and presence of heart failure. In the whole study population the correlation between cardiac index and pulse pressure was weak (r = 0.115; p <0.01) though non-linear (see figure 1 ). For those with a cardiac index >3 l/min/m 2 , there was no correlation (r = -0.043; p=NS), for those with cardiac index between 2 and 3 l/min/m 2 , there was a mild correlation (r = 0.161; p <0.001) but for those with a cardiac index < 2 l/min/m 2 , the correlation was much stronger (r = 0.414; p <0.001). Proportional pulse pressure correlated significantly with cardiac index (r = 
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Post-heart transplantation 2 other 6 Continuous data are expressed as mean (SD), whereas categorical data are expressed as percentages. *pulse pressure (mmHg); †proportional pulse pressure (PP/SBP x100/1); ‡ systolic blood pressure (mmHg); § diastolic blood pressure (mmHg);║mean arterial pressure (mmHg); ¶ cardiac output;# cardiac index;** SVR = systemic vascular resistance; † †PVR = pulmonary vascular resistance; ‡ ‡PA wedge = pulmonary artery wedge pressure; § § RA mean = right atrial mean pressure; ║║eGFR = estimated glomerular filtration rate; ¶ ¶NS = not significant, ##ACE = angiotensin converting enzyme; ***ARB = angiotensin receptor blocker; † † †CCB = calcium channel blocker Continuous data are expressed as mean (SD), whereas categorical data are expressed as percentages. *pulse pressure (mmHg); †proportional pulse pressure (PP/SBP x100/1); ‡ systolic blood pressure (mmHg); § diastolic blood pressure (mmHg); ║mean arterial pressure (mmHg); ¶ cardiac output;# cardiac index;** SVR = systemic vascular resistance; † †PVR = pulmonary vascular resistance; ‡ ‡PA wedge = pulmonary artery wedge pressure; § § RA mean = right atrial mean pressure; ║║eGFR = estimated glomerular filtration rate; ¶ ¶NS = not significant, ##ACE = angiotensin converting enzyme; ***ARB = angiotensin receptor blocker; † † †CCB = calcium channel blocker 0.430; p <0.001) for those with a cardiac index <2 l/min/m 2 , but not for those with a cardiac index >3 l/min/m 2 (r= -0.057; p= NS). For those with the lowest pulse pressure (PP < 30mmHg; n = 143) and heart failure, cardiac index and pulse pressure were highly correlated (r = 0.6; p < 0.001) with no other blood pressure variable correlating with cardiac index. The relationship between cardiac index and pulse pressure was identical to that between systolic pressure and cardiac index, in the absence of clinical heart failure. However in the multivariable model a formal test for interaction between pulse pressure and heart failure status was not signifi cant (p = 0.2859). For this reason we did not further explore the diff erences in pulse pressure and cardiac index according to heart failure status. Figure 1 shows the non linear relationship between pulse pressure and cardiac index in the study population. When adjusted for age, sex, presence of hypertension, heart failure status, presence of aortic stenosis, diabetes, renal function (eGFR), heart rate, systemic vascular resistance, left ventricular end diastolic pressure and mean arterial pressure, a stronger independent correlation between cardiac index and pulse pressure was found below a cardiac index of approximately 3 l/min/m 2 . The association between cardiac index and invasive and non-invasive measures of haemodynamics were examined. Of the non-invasively measured parameters, systolic blood pressure had one of the strongest figure 1. Relationship between pulse pressure and cardiac index in the study population modelled as a restricted cubic spline (adjusted for age, sex, presence of hypertension, heart failure status, presence of aortic stenosis, diabetes, renal function, heart rate, systemic vascular resistance, left ventricular end diastolic pressure and mean arterial pressure). Grey area represents 95% confi dence interval. 
multivariable analysis
relationship between cardiac index and other haemodynamic variables
We found only weaker correlations between systolic and mean arterial blood pressure and cardiac index (table 4) . For subjects with heart failure (n= 365) and a CI < 2 l/min/ m 2 , the correlation between systolic blood pressure and cardiac index was less than that of pulse pressure (r = 0.229; p = <0.01) and there was no relationship between mean arterial pressure and cardiac index. For those with the lowest systolic pressures (SBP < 100 mmHg) there was no correlation between cardiac index and systolic blood pressure. Pulse pressure was also correlated with systemic vascular resistance (r = 0.291; p <0.001), across the complete spectrum of cardiac indices. There was a poor correlation between pulse pressure and pulmonary vascular resistance and between pulse pressure and pulmonary artery wedge pressure. There was a weak correlation between cardiac index and wedge pressure (r = -0.232; p < 0.01). For those with a cardiac index < 2 l/min/m 2 , pulse pressure and wedge pressure were not related (r = -0.075; NS).
DiSCuSSion
In a large cohort of patients with knowledge of invasive haemodynamics, including variables known to be related to both pulse pressure and cardiac index, we found that table 4. Correlations between blood pressure measurements and cardiac index. Analysed when grouped according to cardiac index and in those with heart failure compared to the entire study population. There was no correlation between CI and any blood pressure measurement in those with a CI > 3l/min/m 2 (r value with corresponding p value; * P < 0.05, ** P < 0.01).
Heart Failure Entire study a low pulse pressure was significantly related to a low cardiac index. The same was not seen at higher levels of both cardiac index and pulse pressure.
Components of pulse pressure
Pulse pressure is determined by both cardiac components as well as properties of the arterial circulation. This pulsatile component of blood pressure is the consequence of intermittent ventricular ejection from the heart, while the large conduit arteries serve to minimize pulsatility. For any given ventricular ejection fraction and heart rate, large artery stiffness and wave reflections represent the major determinants of pulse pressure 21 . Alterations in pulse pressure in heart failure and systolic dysfunction may be in part because of interactions with the failing heart and the arterial system. The functions of the left ventricle and arterial system are interactive (ventricular -vascular coupling) and conditions that directly affect one can cause a responsive change in the other [22] [23] [24] [25] [26] [27] .
higher pulse pressure and vascular stiffness
In the general population and cardiovascular patients, a high pulse pressure is a surrogate marker of atherosclerosis and vascular stiffness and was related to increased cardiovascular events [1] [2] [13] [14] [15] [16] . In other words in these patients, with normal left ventricular systolic function and stroke volume, pulse pressure is mainly driven by the "vascular component" of the cardiovascular system. In this setting, an elevated pulse pressure reflects decreased aortic elasticity. An elevated pulse pressure in mild systolic heart failure predicts mortality 3, 4 which suggests that pulse pressure is less a product of cardiac function but more related to the arterial system when cardiac output is maintained.
lower pulse pressure and systolic heart failure
The relationship between cardiac index and pulse pressure has not been well studied. We hypothesized that in symptomatic systolic heart failure, a low pulse pressure is a marker of low cardiac output, or a lack of "contractile reserve" and a positive correlation between pulse pressure and ejection fraction would support this concept. This probably only applies to those subjects with severely impaired ventricular function and is supported by recent findings of a differing relationship between systolic blood pressure and mortality, according to the severity of left ventricular dysfunction. Those with moderate ventricular impairment (mean ejection fraction 36%) exhibited a "U" shape curve of mortality with systolic blood pressure, whilst those with severe ventricular impairment (mean ejection fraction 21%) the relationship was linear, with higher blood pressure portending better prognosis 28 . We therefore chose to subdivide the population according to cardiac index (we did not have ejection fraction data) to further investigate the relationship between cardiac index and pulse pressure, by examining the relationship across a range of cardiac indices. Since there are many confounders of pulse pressure, it was important to examine pulse pressure in a wider range of patients with cardiovascular disease, rather than just a heart failure population per se. The only other study to examine invasively determined cardiac index and pulse pressure was in a small study of 50 patients with chronic heart failure and impaired left ventricular systolic function where a proportional pulse pressure <25% identified a cardiac index of less than or equal to 2.2 L/ min/m² 18 . Low pulse pressure predicts mortality in subjects with advanced systolic heart failure 5-11 and in non ischaemic heart failure pulse pressure was more predictive than in subjects with ischaemic heart disease 6 . We postulated that in subjects with less vascular disease (i.e. no influence of the "vascular component" of pulse pressure), pulse pressure was more closely related to cardiac output. In this study, the mean pulse pressure in the lowest cardiac index group at 51mmHg was similar to the mean pressure seen in advanced heart failure patients (47 mmHg) 5 and those with acute heart failure following a myocardial infarction (49 mmHg) 12 . Interestingly, we found that a lower cardiac index was also related to poorer renal function. It is well established that poorer renal function is related to a lower cardiac output, and therefore a lower renal blood flow [29] [30] . We and others have suggested that worsening renal function is another sign of a lower cardiac output in patients with heart failure [31] [32] .
In the present study we provide evidence for the hypothesis that a low pulse pressure indicates a low cardiac index only in patients with a low cardiac index (i.e severe cardiac dysfunction). This may in part explain the "pulse pressure paradox" whereby in vascular disease and mild heart failure, a high pulse pressure predicts adverse outcome, but the opposite occurs in more advanced heart failure.
Study limitations and future directions
Our findings are taken from a specific population referred for cardiac catheterization, and may not be generalizable to a population not referred for invasive assessment. Many patients encountered in clinical practice are older, with co-morbidity that can affect pulse pressure. The number of patients with a cardiac index <2 l/min/m 2 was relatively small. Central pulse pressure was measured and is usually an underestimate of peripheral pressure 24, 33 . This "pressure amplification" however tends to be lower in the normal blood pressure ranges than in subjects with hypertension 34 who contributed only 20% of our study cohort. As we do not have corresponding "cuff" measurements to compare with we can only extrapolate our haemodynamic data to peripheral pressures. Central pressure can be extrapolated from peripheral pressure with automated devices, although these tend to underestimate central pressure readings 35 . We and others have previously investigated only peripheral pulse pressure measurements and outcome. Hypertension and valve disease alter pulse pressure, but when we excluded hypertensives, those with aortic stenosis, or both, our findings were unchanged. We did not have ejection fraction data, however adjusting for heart failure status and LVEDP did not alter our findings. We do not have information on the use of inotropes or on volume status and neurohormonal activation. These entities are not easily measured in everyday practice and cardiac index depends on an interaction between blood pressure and systemic vascular resistance, and such factors can influence both. Blood pressure measurements were taken in the resting state and only one measurement was used for these analyses and not an average of readings over a period of time. We recognise there are abnormalities of both conduit vessels in heart failure and an interaction between the vasculature and the heart itself, which is altered in the presence of left ventricular dysfunction. Finally, we are extrapolating our findings from a broad range of cardiovascular patients to only those with the lowest cardiac indices, and thus probably severe cardiac dysfunction.
ConCluSion
A low pulse pressure is a marker of a low cardiac index, particularly in patients with a cardiac index <3 l/min/m 2 . In a comprehensive multivariable model with invasive haemodynamic variables known to be related to both pulse pressure and cardiac index, the two variables were almost linearly related, until pulse pressure was greater than about 55mmHg or cardiac index > 3 l/min/m 2 . In patients with severe heart failure (and thus with the lowest cardiac indices) pulse pressure might be useful clinically as a "poormans" surrogate of cardiac index. This hypothesis would need to be tested in a prospective study using peripheral blood pressure measurements in subjects with systolic heart failure. Our findings may help explain the "pulse pressure paradox" observed thus far in subjects with left ventricular systolic dysfunction and heart failure.
